The poor ability of mammalian central nervous system (CNS) axons to regenerate has been attributed, in part, to astrocyte behavior after axonal injury. This behavior is manifested by the limited ability of astrocytes to migrate and thus repopulate the injury site. Here, the migratory behavior of astrocytes in response to injury of CNS axons in vivo was simulated in vitro using a scratch-wounded astrocytic monolayer and soluble substances derived from injured rat optic nerves. The soluble substances, applied to the scratch-wounded astrocytes, blocked their migration whereas some known wound-associated factors such as transforming growth factor-␤ 1 (TGF- 
Introduction
Axons of the central nervous system (CNS) 1 of mammals do not normally regenerate after injury, unlike those of phylogenetically lower vertebrate, such as fish and amphibians, or the peripheral nerves of mammals (for reviews see [1] [2] [3] . Because injured mammalian CNS axons can, under certain conditions, grow for considerable distances (for reviews see [1] [2] [3] , it is generally believed today that the ability or inability of nerves to regenerate their injured axons depends on the cellular milieu surrounding the axons and its response to axonal injury.
Among the components of the cellular milieu are oligodendrocytes, astrocytes, resident microglia, and invading macrophages. Several studies have demonstrated the involvement of regeneration-related cross-talk between the immune and the nervous system. This cross-talk is apparently deficient in the CNS due to impairment of macrophage invasion (4; for reviews see [1] [2] [3] . This impairment has been recently shown to be due to a CNS-resident macrophage inhibitory factor (5) . In addition, the invading macrophages might be receiving an inappropriate stimulus for production of needed factors.
Proper stimulation of macrophages might be related, for example to the ability of the macrophages to produce the appropriate cytokines and growth factors needed to stimulate astrocytes for being conducive to axonal growth. Growth factors secreted by inflammatory cells might activate or inhibit some of the activities necessary for regeneration (6) , such as protease activity (7) , expression of specific extracellular matrix (ECM) components, cell migration or cell proliferation.
Astrocytes have been viewed as the cells which, following injury, form a scar that either acts as a mechanical barrier for growth or as a barrier due to a deficiency in growth supportive elements and/or presence of growth inhibitory elements (for reviews see [1] [2] [3] .
In fact, in response to axonal injury in the CNS astrocytes display conflicting effects (1) (2) (3) . Thus for example, in both regenerating (fish) and nonregenerating (rat) central nervous systems, crush injury of optic nerve is followed by the disappearance of astrocytes from the site of injury. In fish, the injury site is subsequently repopulated by astrocytes, in temporal and spatial correlation with axonal growth across it (8) (9) (10) . In the rat, the slow repopulation of the injury site by astrocytes is in apparent correlation with the failure of the regrowing injured axons to traverse it and may signify the astrocyte failure to express growth supportive elements. Although it is not yet known which comes first, axonal growth or astrocyte repopulation, it appears that the two phenomena are interdependent. Understanding why mammalian astrocytes fail to repopulate the site of injury and/or finding ways to overcome this failure will contribute significantly to the achievement of regeneration.
The ability of cells to migrate in general, and in particular in the case of astrocyte migration across the site of the injury, reflects their intrinsic properties as well as their cross-talk with the extracellular milieu of the nerve, including components associated with the local inflammatory reaction. Among these are growth factors, such as epidermal growth factor (EGF), heparin-binding EGF (HB-EGF), transforming growth factor-␣ (TGF-␣ ), transforming growth factor-␤ 1 (TGF-␤ 1 ), insulin-like growth factor-1 (IGF-1), and basic fibroblast growth factor (bFGF), in tissue repair and wound healing (11) (12) (13) (14) (15) . Some of these factors are angiogenic (16) , some bind to ECM components (17-21), and some affect cell migration in various model systems in vitro (22) (23) (24) (25) (26) (27) . Likely candidates of such components are those which have been shown to be involved in tissue repair and wound healing.
In this study we examined the effects of various inflammation-associated factors on the migration of astrocytes, using an in vitro model to follow the astrocytic repopulation of a scratch wound inflicted on a monolayer of cultured astrocytes. Our experimental paradigm was similar to the one recently used to follow gliosis in response to in vitro injury (28) , except that we used a defined medium (see Methods) rather than serum. This minimized cell proliferation throughout the follow-up period, and enabled us to achieve a well-defined and well-controlled experimental conditions.
We first examined whether the postinjury behavior of astrocytes in vivo could be simulated in vitro by the application of soluble substances derived from injured CNS (optic nerve) axons. We then applied various known wound-associated growth factors in the presence or absence of these soluble substances, and examined their effects on astrocyte migration and wound closure. Possible interrelationships between growth factors with respect to astrocyte migration were also examined. The results showed that the blockage of astrocyte migration in response to soluble substances originating from crushinjured optic nerves in vitro, is reminiscent to the astrocyte behavior in vivo in response to axonal injury. In contrast, bFGF, TGF-␤ 1 and factors of the EGF family (29) (30) (31) (32) , namely, EGF and TGF-␣ as well as HB-EGF in combination with IGF-1 (HB-EGF ϩ IGF-1), were all capable of stimulating astrocyte migration. The observed wound repopulation appeared to involve proteoglycans. HB-EGF ϩ IGF-1 and bFGF, but not TGF-␤ 1 , could reverse the blocking of astrocyte migration caused by the optic nerve-derived substances.
Methods
Growth factors and cytokines. bFGF and interleukin-6 (IL-6) were purchased from Genzyme; TGF-␤ 1 from R&D Systems and IL-2 from Peprotec. IGF-1, EGF and TGF-␣ were purchased from Collaborative Biomedical Products (Bedford, MA). Recombinant human HB-EGF consisted of residues 1-76, as predicted from the nucleotide sequence of the HB-EGF precursor's open reading frame, and was produced using an Escherichia coli expression system (33) .
Preparation and wounding of astrocyte cultures. Astrocytes were prepared from the cerebral cortex of 2-d-old rats by a modification of the procedure of McCarthy and deVellis (34) . After 11 d, cells were trypsinized and plated in confluence on coverslips coated with polyd -lysine (PDL) (20 g/ml) in 24-well plates (150,000 cells/300 l/well) in growth medium. The growth medium was consisting of Dulbecco's modified Eagle's medium (DME), 2 mM glutamine, 0.1 mg/ml transferrin, 0.1% free fatty acid bovine serum albumin (BSA), 0.1 M putrescine, 0.45 M l -thyroxine and 0.224 M sodium selenite. After 24 h the medium was discarded and the monolayer was scratched with a sterile plastic pipette tip. The cells were washed three times with DME, and 300 l of growth medium were added. Cytokine or growth factor was added, and after 3 d of incubation (37 Њ C, 5% CO 2 ), the cells were fixed and immunostained.
Injury of rat optic nerves, and preparation of nerve tissue for migration assay. Nerves were subjected to crush injury and animals were sacrificed at the indicated times after injury. The nerves were cleaned off their envelopes, transferred to an Eppendorf tube containing astrocyte growth medium (50 l per nerve), pulverized with a pipette tip, incubated for 1 h at 4 Њ C, and frozen at Ϫ 70 Њ C. After thawing, tubes were centrifuged for 15 min in a microfuge and the supernatants collected. Each well of astrocytes in the migration assay was treated with 25 l of supernatant.
Immunofluorescence. For glial fibrillary acidic protein (GFAP) immunostaining, the cells were fixed with methanol (10 min at Ϫ 20 Њ C), immunostained (30 min at 37 Њ C) with a monoclonal anti-GFAP antibody (BioMakor, Israel) and diluted 1:100 in 1% BSA/phosphatebuffered saline (PBS). For chondroitin sulfate proteoglycan (CSPG) immunostaining, the cells were fixed (20 min at room temperature) in 4% paraformaldehyde diluted in PBS, then incubated (15 min at room temperature) with 0.15 M glycine and permeabilized for 1 min with 0.05% Triton X-100 in PBS. Monoclonal anti-CSPG antibody (BioMakor, Israel), diluted 1:100 in 1% BSA/PBS, was added (2 h at room temperature). For both immunostaining procedures the secondary antibody used was fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG ϩ IgM (Jackson ImmunoResearch Laboratories), diluted 1:30 in 1% BSA/PBS (30 min at 37 Њ C). For 4,6-dianidino-2-phenylindole (DAPI) staining, the cells were fixed with methanol (10 min at Ϫ 20 Њ C), washed in PBS, stained with DAPI (500 ng/ ml) 15 min in room temperature, and washed again in PBS.
In situ [ 3 H]thymidine incorporation by the wounded astrocyte culture.
A monolayer of astrocytes was wounded by scratching, as described above. [ Heparinase and chlorate treatment of cells. For heparinase treatment, cells were plated on coverslips as described. After 24 h heparinase III (IBEX, Canada) (0.01 U/ml) was added, and after 1 h at 37 Њ C a second aliquot of heparinase was added for 2 h. The medium was then aspirated and the cells were scratched as described and treated with growth factors. Na-chlorate (33 mM) was present throughout the experiment to block the sulfation of newly synthesized proteoglycans including heparan and chondroitin proteoglycans (35) during the 3-d period of the migration assay.
Assessment of repopulation of the wound area using image analysis. The extent of repopulation of the wound area by DAPIstained astrocytes was assessed by computerized image analysis using a Macintosh Quadra 950 with a Scion LV-3 frame grabber. The software used was the NIH-Image 1.51b Macintosh Quadra computer program (written by Wayne Rasband). A negative picture of the culture was captured and the captured frames were averaged to minimize noise). The number of cells per unit of scratched area was counted in an arbitrarily chosen sample area of 1 mm 2 . Experiments were performed in triplicate and the counts were averaged. The results were normalized relative to the number of cells counted in equal areas in the control untreated cultures and are presented as mean percentages.
Results

Simulation of the postinjury in vivo behavior of astrocytes by an in vitro model
Crush injury of rat optic nerve axons in vivo involves the axons and their associated glial cells. When excised and analyzed, the injury site is found to be devoid of astrocytes, as indicated by immunocytochemical staining with anti-GFAP antibodies (Fig.  1 a ) and by transmission electron microscopical analysis as was previously shown by Blaugrund et al. (8, 9) and by Cohen et al. (10) . To determine whether the relatively long-lasting absence of astrocytes at the injury site is related to the nature of the soluble substances associated with the injured nerve, we applied the optic nerve-derived soluble substances to a scratch wounded monolayer of astrocytes. As shown in Fig. 1 , the response of astrocytes in the in vitro model simulates that observed in vivo. Thus in vitro wounded untreated astrocytes appear to avoid the site of injury and remain confined to its margins at least for the 5 d of the experiment. The addition of soluble substances derived from optic nerves caused blockage of astrocyte migration. The migration-blocking effects exerted by soluble substances derived from nerves excised at different time intervals after crush injury were similar (Fig. 1) .
Effects of wound-associated growth factors on wounded astrocytes in vitro
Blockage and stimulation of astrocyte wound closure. In an attempt to find a factor(s) that might reverse the blocking effect of the physiological preparation (i.e., the optic nerve-derived soluble substances), we first examined the effect on wound closure of a number of known wound-associated factors, including IL-2, IL-6, IGF-1, EGF, TGF-␣ , TGF-␤ 1 , and bFGF. IL-2 (13-67 U/ml) and IL-6 (30-120 U/ml) had no effect on astro- Figure 2 . Effects of cytokines and growth factors on repopulation of the wound area by astrocytes in a scratch-wounded astrocytic monolayer. A monolayer of astrocytes was scratched and washed, as described in Methods. The indicated cytokines and growth factors were added at the following concentrations: bFGF, 20 ng/ml; TGF-␤ 1 , 35 ng/ml; IGF-1, 100 ng/ ml; IL-2, 54 U/ml; IL-6, 60 U/ml; TGF-␣ 90 ng/ml; EGF 90 ng/ml. After 3 d, cultures were fixed and immunostained for GFAP. Representative results of one out of four experiments, performed in triplicates, are presented. Bar, 300 m.
cyte migration relative to untreated cultures. Treatment with IGF-1 (at least 100 ng/ml) increased migration slightly as compared to untreated controls (Fig. 2) . However, treatment with EGF, TGF-␣ , TGF-␤ 1 , or bFGF, at the indicated concentrations, resulted in closure of the wound by astrocytes ( Fig. 2 ; each treatment was performed using the optimal effective dose found by a dose-dependency curve). Closure was maximal after 3 d from the start of treatment. Nontreated cultures or cultures that were treated with noneffective factors, even at day 5 (the latest time point which was examined) after wounding did not show any closure. For the quantitative analysis of the wound closure we used DAPI staining rather than GFAP staining (Fig. 3) since GFAP staining did not allow distinction between a repopulation of the wound area by extension of fibers or migration of cell bodies which could be measured by nuclei staining (DAPI).
IGF-1 acts synergistically with factors of the EGF family on astrocyte migration. In view of the diversity of the effects of the tested factors we examined the possibility of relationships between them such as synergism, complementarity or competition. IGF-1 acts synergistically with EGF in inducing proliferation of newborn rat brain astrocytes (36) . We therefore examined whether IGF-1 would also act in synergism with factors of the EGF family in promoting astrocytic repopulation of the wound in our model. Such synergism was observed when IGF-1 was applied in combination with EGF or TGF-␣ at concentrations lower than required for maximal migration. Synergism was also observed when IGF-1 was applied together with HB-EGF, which had no effect when applied alone (Fig. 4) .
Repopulation of the wound area by astrocytes is not dominated by proliferating cells. Some of the above factors, e.g., EGF, IGF-1, and bFGF, are known to be mitogenic for astrocytes (36) (37) (38) (39) (40) (41) . It was therefore important to establish whether or not the observed repopulation was predominantly due to cell proliferation. We therefore assessed the frequency of (Fig. 5 B ) . Double labeling of cells with [ 3 H]thymidine (which labels nuclei of proliferating cells) and DAPI (which stains all cell nuclei) enabled us to determine the proportion of thymidinelabeled cells among the total number of cells repopulating the wound (Fig. 5 C ) . Quantitative analysis revealed that the percentage of labeled astrocytes repopulating the site of injury in treated cultures ranged between 21 and 31% (the mean for all treatments was 26.9 Ϯ 3.7%) and was similar to that observed in control untreated cultures (mean 30.7%). In addition, significant astrocytic repopulation of the wound was stimulated by TGF-␤ 1 (Figs. 3 and 6 ), which is not mitogenic for astrocytes (42, 43) .
Involvement of proteoglycans in migration induced by wound-associated factors.
Proteoglycans are known to be involved in cell migration by virtue of their effects on cell attachment to, and detachment from, the substratum (44-46). We therefore examined whether heparan sulfate proteoglycans (HSPG) and chondroitin sulfate proteoglycans (CSPG) are involved in the migratory behavior of astrocytes. Migration in response to stimulation by each of the wound-associated factors was measured in cultures that had been preincubated for 3 h with heparinase III. During the 3 d of the assay Na-chlorate was included in the media of all cultures pretreated with heparinase, in order to block sulfation of newly synthesized HSPG (35) . Treatment with heparinase ϩ Na-chlorate markedly inhibited the stimulation of astrocyte migration both by the heparin-binding factors (HB-EGF, bFGF, and TGF-␤ 1 ; Fig. 7 ) and by factors that do not bind heparin (EGF, TGF-␣ ; Fig. 8 ). The inhibition was not a function of time as no migration was observed even 5 d after wounding and enzyme application. Since treatment with heparinase ϩ Na-chlorate inhibited the migration normally induced by these factors, it seems that the presence of HSPGs is necessary for the migration process itself. This would be in line with the fact that all tested factors were affected by the heparinase treatment, regardless of whether they bind heparin (HB-EGF, TGF-␤ 1 , and bFGF) or not (EGF, TGF-␣ ).
It should be noted that the use of Na-chlorate is expected to affect sulfation not only of HSPG but also of CSPG (35) , and therefore, it might affect CSPG levels as well. However, when Na-chlorate was added to wounded cultures treated with any of the migration-inducing factors, in the absence of heparinase no effect on astrocyte migration could be detected (data not shown). For a direct assessment of the possible involve- ment of CSPG in the observed migration, we used an indirect immunohistochemistry which allowed comparison of CSPG expression in the various areas of the wounded monolayer. The identity of the CSPG-immunoreactive protein was confirmed by Western blot analysis (data not shown). Using these antibodies, expression of CSPG on the cell surface was found to be elevated after treatment with the maximal effective concentration of migration-promoting factors (Fig. 9) .
Overcoming the blocking effect of the nerve-derived soluble substances on astrocyte migration
In view of the possible relevance of the blocking of the spontaneous migration of astrocytes by the optic nerve-derived soluble substances, as observed here in vitro (Fig. 1) , to the astrocyte response to injury in vivo, we examined whether it could be reversed by any of the migration-promoting factors. Specifically, we examined heparin binding factors (e.g., bFGF, TGF-␤ 1 , or HB-EGF), known to be capable of creating effective local concentrations by association with the substratum. As shown in Fig. 10 , the blockage was only slightly attenuated by treatment with HB-EGF or IGF-1 alone, but was completely reversed by HB-EGF ϩ IGF-1 (Fig. 10) . The blockage could also be reversed by treatment with bFGF, but not with TGF-␤ 1 , even though TGF-␤ 1 was applied in concentrations which were not toxic and which induced migration in our experimental model.
Discussion
The results of this study show that wound-related factors affect astrocyte migration in vitro in a way that may be relevant for modulation of the posttraumatic astrocyte behavior needed for regeneration of CNS nerves in vivo. There they are exposed to wound-related factors produced by invading macrophages as well as by resident cells (42, 47-51, for review see 1). It is possible, however, that the absence of needed factors or their presence in inappropriate concentrations or along with inappropriate composition or the presence of inhibitory factor(s) might be a reason for the failure of in vivo migration of astrocytes. In the present study we provide an insight to this dilemma using a scratch-wounded monolayer of rat astrocytes and examined wound closure in response to various woundrelated factors.
The migration of astrocytes across the wound in our in vitro model was blocked by soluble substances associated with the injured optic nerve in vivo. Examination of identified wound associated factors revealed that some growth factors and cytokines did not confine cells to the margins of the wound, but allowed them to populate the wounded area. Thus, for example, repopulation of the site of injury by astrocytes was found to be stimulated by TGF-␤ 1 and bFGF, as well as by a combination of EGF, TGF-␣, or HB-EGF with IGF-1. Activity of HB-EGF in connection with the nervous system is described here for the first time. Synergism between IGF-1 and HB-EGF has been shown to enhance DNA synthesis in kera- Figure 7 . Effects of heparinase III and Na-chlorate on astrocyte migration induced by heparin-binding factors. A monolayer of astrocytes was pretreated with heparinase III, wounded by scratching as described in Methods, and treated with growth factors at the following concentrations: HB-EGF (40 ng/ml), IGF-1 (100 ng/ml), bFGF (20 ng/ml), and TGF-␤ 1 (35 ng/ml). Na-chlorate (33 mM) was present throughout the assay. After 3 d, cells were fixed and stained for DAPI. Representative results of one out of four experiments, performed in triplicates, are presented. Bar, 200 m. Figure 8 . Effects of heparinase III and Na-chlorate on astrocyte migration induced by non-heparin-binding factors. A monolayer of astrocytes was pretreated with heparinase III, wounded by scratching as described in Methods, and treated with growth factors at the following concentrations: EGF (3 ng/ml), IGF-1 (100 ng/ml), TGF-␣ (3 ng/ml). Na-chlorate (33 mM) was present throughout the assay. tinocytes (Marikovsky et al., manuscript submitted for publication). One of the mechanisms that might be responsible for such synergism is transmodulation of the EGF or the IGF-1 receptor, which was demonstrated in keratinocytes (52) . It should be noted that IGF-1 in the present study was applied at the physiological concentrations found in other wounded systems, for example in skin injuries (53, Marikovsky et al., manuscript submitted for publication).
Our results appear to rule out the possibility that the observed effect of the examined growth factors on repopulation of the wounded area is due to proliferation of astrocytes. Thus, even factors known to affect astrocyte proliferation, such as bFGF (38, 43, 54) and IGF-1 (41), seemed to increase the migratory ability of astrocytes independently of that effect, since only ‫ف‬ 30% of the cells were found to be synthesizing DNA. This is in agreement with the observations that in a similar model system, migration of IEC-6 cells was independent of DNA synthesis, and the cells first migrate and then divide (55) . In addition, as was shown above, TGF-␤ 1 , which is not mitogenic for astrocytes, caused their migration, although not necessarily via the same mechanism as that mediated by bFGF and/ or members of the EGF family.
Some of the factors which stimulate astrocyte migration could also reverse the blockage imposed on it by the soluble substances associated with the in vivo response to injury. Among these factors are bFGF and HB-EGF ϩ IGF-1. It is not yet clear whether the astrocyte migration induced by each of these factors involves the same or different mechanisms. It is possible that in some cases the growth factor does not induce wound repopulation directly, but causes the astrocytes to secrete a common mediator, which in turn may directly induce wound closure. Such an indirect mechanism might involve a growth factor-induced production of cell adhesion molecules (56) , ECM receptors (integrins and nonintegrins) (57), ECM components (58), ECM components containing EGF-like domains, e.g., laminin (59), tenascin (60), or thrombospondin (61), or other growth factors (56) . For example, TGF-␤ 1 increases the synthesis and cell surface expression of integrins by several cell types (62, 63) , as well as the expression of cell-surface CSPG and dermatan sulfate proteoglycan (64, 65) and proteoglycan metabolism (66, 67) . Moreover, CSPG levels have been correlated with detachment and migration of cells such as endothelial cells (44) (45) (46) . However, our results, which Figure 9 . CSPG immunoreactivity in astrocytes. Astrocytes were wounded and treated with growth factors at the following concentrations: b-FGF, 20 ng/ml; EGF, 3 ng/ml; HB-EGF, 40 ng/ml; IGF-1 (IGF), 100 ng/ml; TGF-␤ 1 , 35 ng/ml. At the end of the follow-up period (3 d), cells were fixed and stained for CSPG immunoreactivity. Note the low levels of reactivity in control untreated cultures compared to the levels in cultures treated with TGF-␤ 1 , bFGF and HB-EGF ϩ IGF-1. Representative results of one out of three experiments, performed in duplicates, are presented. Bar, 50 m. Figure 10 . bFGF or HB-EGF ϩ IGF-1 reverse the blocking of astrocyte migration caused by soluble substances originating from injured optic nerves and promote astrocyte migration in a scratch-wounded astrocytic monolayer. A monolayer of astrocytes was scratched and washed, as described in the Methods. Soluble substances (25 l) originating from injured optic nerves that were excised 3 d after crush injury were added with or without growth factors at the following concentrations: bFGF, 20 ng/ml; HB-EGF, 35 ng/ml; IGF-1, 100 ng/ml. After 3 d cultures were fixed and immunostained for GFAP. Representative results of one out of three experiments, performed in triplicates, are presented. Bar, 300 m.
show elevation of CSPG levels by the growth promoting factors do not allow a direct correlation between the induced migration and the observed increase of CSPG immunoreactivity since prevention of sulfation of the newly synthesized CSPG apparently did not block migration. Our results do suggest the possible involvement of HSPG, as treatment of the cells with heparinase before the addition of the factors blocked the induced migration, even when using factors that do not bind heparin (e.g., EGF and TGF-␣). However, the fact that heparinase blocked migration induced by several growth factors and even by non-heparin-binding factors suggests that HSPG is necessary not only for binding of the growth factor but also for the migration process itself.
As mentioned above, the migration induced by the various factors could be due to elevated secretion of migration-promoting factors produced by the astrocytes as a result of the treatments. The low level of such factors in untreated cells might thus explain their limited spontaneous migration. Thus, for example, astrocytes have been shown to secrete TGF-␤ 1 (68) , IGF-1 (69, 70) , bFGF (71) , and to express HB-EGF transcripts (G. Raab and M. Klagsbrun, unpublished results).
It may be concluded from this study that the presence of specific wound associated factors might be necessary for astrocytes to migrate at a critical time after injury, and that their absence, or their presence in suboptimal amounts, even if temporary, might result in an astrocyte response which is not conducive to regeneration. The concentrations of individual growth factors and cytokines and the precise timing of their release may determine the final outcome of the inflammatory and regenerative processes associated with nerve wound healing. This may explain the observed blockage imposed by soluble substances derived from the optic nerve, which might contain nearly all the factors needed but be deficient in migrationinducing factor(s) or contain migration inhibitory factor(s), both of which may be compensated for by appropriate growth factor treatment. This is in line with recent evidence pointing to an important role for macrophages in modulating the nerve's ability to regenerate after injury. Injury to the sciatic nerve (a spontaneously regenerating system) is followed by its rapid invasion by large numbers of macrophages. In contrast, the number of macrophages entering the injured optic nerve (which does not regenerate spontaneously) is small (4). The limited invasion of the optic nerve may also signify an inappropriate activation of macrophage leading to an inappropriate repertoire of growth factors produced locally by the inflammatory cells (monocytes and macrophages) that invade the injured nerve and/or by the nerve-resident cells with which they interact. To compensate for the presumed deficiency of growth factor(s), or for the presumed presence of inhibitory factor(s) in the optic nerve, treatment of the injured nerve, within a critical time period after injury, by exogenous application of certain macrophage-or platelet-derived cytokines and growth factors, which were also shown to be present in wound during normal repair, such as TGF-␤ (11, 72), IGF-1 (11, 73, 74) , or HB-EGF (15, 32, 75), might be beneficial for nerve regeneration.
When considering such treatment, one should also take into account the possible effects of the applied growth factors and cytokines on other cells of the nerve. For example, neuronal survival was found to be increased by IGF-1 (76-80, for review see 1), TGF-␤ 1 (81) and bFGF (82-85, for review see 1). Accordingly, such factors might be promising candidates for therapeutic administration.
In selecting an appropriate in vivo growth factor treatment for injured nerves, with the object of increasing the postinjury migratory ability of astrocytes, one should also consider the stability and availability of the applied growth factor within its area of application. One possible way in which growth factors might become part of a stable complex is via their association with HSPG in the ECM or on the cell surface (81) (82) (83) (84) (85) (86) . Such an association might also effectively increase their local concentration, thereby enhancing their therapeutic potential. HB-EGF, TGF-␤ 1 , and bFGF all bind to HSPG on the cell surface (21, 24, 87) , and bFGF also binds to HSPG in the ECM (18) . We therefore suggest that treatment of injured nerves with these growth factors might result in their binding to HSPG on the cell surface or in the ECM in the vicinity of the injury site, and thus might have a beneficial affect on the response of astrocytes to injury.
